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SUMMARY
Xanthomonas albilineans, the causal agent of sugarcane leaf
scald, is a bacterial plant pathogen that is mainly spread by
infected cuttings and contaminated harvesting tools. However,
some strains of this pathogen are known to be spread by aerial
means and are able to colonize the phyllosphere of sugarcane
before entering the host plant and causing disease. The objective
of this study was to identify the molecular factors involved in the
survival or growth of X. albilineans on sugarcane leaves.We devel-
oped a bioassay to test for the attachment of X. albilineans on
sugarcane leaves using tissue-cultured plantlets grown in vitro.
Six mutants of strain XaFL07-1 affected in surface polysaccharide
production completely lost their capacity to survive on the sugar-
cane leaf surface. These mutants produced more biofilm in vitro
and accumulated more cellular poly-β-hydroxybutyrate than the
wild-type strain. A mutant affected in the production of small
molecules (including potential biosurfactants) synthesized by non-
ribosomal peptide synthetases (NRPSs) attached to the sugarcane
leaves as well as the wild-type strain. Surprisingly, the attachment
of bacteria on sugarcane leaves varied among mutants of the rpf
gene cluster involved in bacterial quorum sensing. Therefore,
quorum sensing may affect polysaccharide production, or both
polysaccharides and quorum sensing may be involved in the sur-
vival or growth of X. albilineans on sugarcane leaves.
Keywords: biofilm, NRPS, quorum sensing, rpf genes,
sugarcane, surface polysaccharides, Xanthomonas albilineans.
INTRODUCTION
Prior to entry into plant tissues via wounds or natural openings,
such as stomata and hydathodes, many plant-pathogenic bacteria
are able to survive as epiphytes on the aerial parts of plants (also
called the phyllosphere) without causing any visible symptoms
(Hirano and Upper, 2000; Vorholt, 2012). The success of this early
phase of foliar colonization is crucial to these pathogens as the
occurrence and development of a foliar disease is related to the
epiphytic population size of the pathogen (Akhavan et al., 2013;
Champoiseau et al., 2009; Wilson et al., 1999). Epiphytic popula-
tions can also provide inoculum for subsequent infection of plants
or for outbreaks of diseases under appropriate conditions (Hirano
and Upper, 2000). Because of the frequent and rapid alteration of
environmental conditions on leaf surfaces, the phyllosphere is
considered as a harsh habitat in which epiphytic bacteria are
confronted by multiple biotic and abiotic stresses, including nutri-
ent limitation, desiccation, UV irradiation and antimicrobial com-
pounds (Hirano and Upper, 2000; Lindow and Brandl, 2003).
Epiphytic bacteria employ common and species-specific strat-
egies that allow them to resist these stresses and adapt to the
phyllosphere (Beattie and Lindow, 1999; Lindow and Brandl,
2003; Vorholt, 2012). Traits carried on plasmids confer selective
phyllosphere fitness to strains of Pseudomonas fluorescens during
the growing season (Lindow and Brandl, 2003). Beattie and
Lindow (1999) suggested that some species of phyllobacteria
develop large external populations, whereas others develop only
small external populations. Specific effectors of P. syringae pv.
syringae str. B728a are involved in the development of aggregates
on leaf surfaces that are host dependent (Vorholt, 2012). Aggre-
gation in a structured biofilm is a widely conserved strategy
among epiphytic bacteria and is produced by many pathogens for
protection against desiccation and other stresses (Danhorn and
Fuqua, 2007; Jacques et al., 2005; Monier and Lindow, 2003,
2004; Rigano et al., 2007). Biofilms are formed when microorgan-
isms attach to a surface and to each other, and together form a
matrix of exopolysaccharides (EPSs), lipopolysaccharides (LPSs),
adhesins and DNA in which they are embedded (Danhorn and
Fuqua, 2007; Li and Wang, 2011a). Quorum sensing has been
shown to be involved in the triggering of biofilm formation and,
consequently, in epiphytic survival of foliar pathogens (Guo et al.,
2012; Li and Wang, 2011a; Quinones et al., 2005).
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Several genes involved in epiphytic survival have been identified
in bacterial plant pathogens.Mutants of the gene gumB (coding for
EPS production) of Xanthomonas axonopodis pv. citri are no longer
able to form biofilms or to survive on citrus leaves (Rigano et al.,
2007). The rpf gene cluster is involved in the regulation of quorum
sensing in xanthomonads (Dow, 2008; Ryan and Dow, 2011).
Biofilm formation and dispersal, as well as EPS biosynthesis, are
controlled by this system, which is also directly involved in the
epiphytic survival ofXanthomonas species (Dow et al., 2003;Torres
et al., 2007). In X. campestris pv. campestris, the rpf signalling
system also regulates the production of a small molecule which is
necessary to overcome stomatal closure, a reaction of the plant
against invasion of the pathogen (Gudesblat et al., 2009).
Historically, sugarcane leaf scald caused by X. albilineans was
known to be transmitted mechanically by cutting implements or
by planting infected cuttings from symptomless plants (Rott and
Davis, 2000). Sordi and Tokeshi (1986) reported the occurrence of
X. albilineans in guttation droplets of infected sugarcane and
sweetcorn leaves, demonstrating that the pathogen was also
present on the leaf surface of the host plant. Unusual symptoms
caused by X. albilineans were observed in a nursery plot in Gua-
deloupe (FWI) in 1993 (Daugrois et al., 2012) and reported from
Mauritius in 1995 (Autrey et al., 1995) and from Florida, USA in
2001 (Comstock, 2001). These unusual symptoms were attributed
to aerial transmission of the pathogen (Comstock, 2001; Daugrois
et al., 2003). Furthermore, outbreaks of sugarcane leaf scald that
occurred in the late 1980s in Florida were also attributed to a
genotype of the pathogen that had the propensity to be spread
aerially (Davis et al., 1997).
Studies performed by Daugrois et al. (2003) and Champoiseau
et al. (2009) in Guadeloupe clearly showed that X. albilineans
colonizes the sugarcane canopy before entering the leaves and
causing disease symptoms. The molecular mechanisms involved in
the establishment of the pathogen on the sugarcane canopy are,
however, largely unknown. In addition, X. albilineans lacks gum
genes and therefore does not produce the xanthan gum that is
involved in the mucoid phenotype of bacterial colonies and biofilm
formation by other xanthomonads (Pieretti et al., 2012). However,
X. albilineans is able to synthesize several small non-ribosomal
peptides, including the toxin albicidin, which is involved in patho-
genicity and is encoded by three large non-ribosomal peptide
synthetases (NRPSs) (Birch, 2001; Royer et al., 2013). This type of
enzyme is also involved in the biosynthesis of biosurfactants
playing a role in surface attachment (Das et al., 2008). The leaf
scald pathogen also possesses the rpf quorum sensing system that
is involved in the regulation of sugarcane stalk colonization (Rott
et al., 2013). The objective of this study was therefore to identify
the molecular factors involved in the attachment or survival of
X. albilineans on sugarcane leaves. A simplified bioassay using
tissue-cultured plants of sugarcane was developed to reproduce
survival/growth on leaves of X. albilineans wild-type strains. This
bioassay was then used to test the extent of leaf attachment (ELA)
of several mutants of the pathogen impaired in the capacity to
cause disease symptoms or to multiply in the sugarcane stalk (Rott
et al., 2011).
RESULTS
A bioassay to study the attachment of X. albilineans
on sugarcane leaves
In preliminary experiments, 4-week-old tissue-cultured plantlets of
cultivar CP68-1026 were immersed in bacterial suspensions at
106, 107 and 108 colony-forming units (CFU)/mL of X. albilineans
strains XaFL07-1 (from Florida) and GPE PC73 (from Guadeloupe)
(Table 1). Foliar imprints of the plantlets were performed on selec-
tive growth medium 14 days after inoculation. ELA, which was
based on the growth density in the imprint area, varied in the
range 50–59 (on a 0–100 scale) (Fig. 1). No significant difference
was found between the two strains of the pathogen at the three
inoculum densities. Xanthomonas albilineans strain XaFL07-1 and
an inoculum density of 107 CFU/mL were chosen for all subse-
quent experiments.
Surface polysaccharide mutants of X. albilineans are
not able to survive on sugarcane leaves, but
overproduce biofilm and accumulate
poly-β-hydroxybutyrate (PHB)
Six mutants of X. albilineans unable to produce surface
polysaccharides after transposon mutagenesis were identified
in vitro (Table 1; Rott et al., 2011). Mutations in each of these
mutants were located in different genes, including xanB, gmd and
rmd (Table 1). Genes gmd and rmd, as well as open reading frames
(ORFs) XALc_2705 (coding for a glycosyltransferase of operon
gmd-rmd) and XALc_2709 (coding for an ABC transporter), were
expected to be involved in LPS production as these genes are
bordered by genes etfA and metB (Lu et al., 2008; Pieretti et al.,
2012). The texture of colonies of these mutants on modified
Wilbrink’s (MW) medium was dry and rough, whereas the texture
of colonies of the wild-type strain was slightly viscous and easily
identified when bacteria were subcultured on fresh medium with
a transfer loop (Fig. 2).
Wild-type strain XaFL07-1 of X. albilineans and the six
polysaccharide mutants were inoculated on tissue-cultured
plantlets of sugarcane. Fourteen days after inoculation, the mean
ELA score was 50 for the wild-type strain and only 0.5–5 for the six
polysaccharide mutants (Table 2). The loss of leaf attachment of
polysaccharidemutantM1116was further investigated bywashing
and homogenizing leaves after inoculation of tissue-cultured
plantlets with this mutant and wild-type strain XaFL07-1. One hour
after inoculation, both the wild-type and mutant strains were each
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recovered from all 20 inoculated leaves by leaf washing (Table 3).
The mean CFU was 6.3 × 103 CFU/leaf for XaFL07-1 and 3.2 × 103
CFU/leaf for M1116, suggesting successful initial attachment of
both strains to the sugarcane leaves. Seven and 14 days after
inoculation, the wild-type strain was recovered by washing from 16
of 20 and 11 of 20 leaves, respectively, and populationmeans of the
pathogen were no different at either date [(3.2–4.0) × 103 CFU/
leaf]. In contrast,mutantM1116was not recovered by leaf washing
from any of 20 leaves 7 days after inoculation, and only from one
leaf 14 days after inoculation. Strain XaFL07-1 was also recovered
by leaf homogenization from all 20 leaves and 16 of 20 leaves, 7
and 14 days after inoculation, respectively (Table 3). In contrast,
mutant M1116 was recovered by leaf homogenization from only
three of 20 and one of 20 leaves, 7 and 14 days after inoculation,
respectively. Mean bacterial populations recovered from XaFL07-
1-positive leaves (630 CFU/leaf) were also more than 10 times
higher than the mean populations recovered from M1116-positive
leaves (40 CFU/leaf), 7 days after inoculation. These data suggest
Table 1 Plasmids and bacterial strains used in this study.
Plasmid/strain Relevant characteristics* Reference/source
Plasmids
pALB204 pUFR043 containing a 33-kb insert from Xa23R1 including rmd gene, Gmr,
Knr
Rott et al. (1996)
pUFR043 IncW Mob1 LacZa Gmr Nmr Cos De Feyter and Gabriel (1991)
pUFR047 IncW, Mob +, lacZα+, Par+, Gmr, Ampr De Feyter et al. (1993)
pPR017 18.3 kb; 9.7-kb BamHI-digested rpfB-prfB fragment from pPYOAAB9CC10
cloned into pUFR047, Gmr, Ampr
Rott et al. (2013)
pPR017Met pPR017 transformed into chemically competent cells of Escherichia coli
containing pY0AAB27CH12, Cmr
Rott et al. (2013)
Escherichia coli strains
DH5α F-, endA1, hsdR17(rk-,mk+), supE44, λ-thi-1, recA1, gyrA96, relA1, phoA,
Φ80lacZΔM15, Δ(lacZYA-argF)U169
Gibco-BRL, Gaithersburg, MD, USA
DH5α pRK2073 E. coli containing pRK2013 derivative, Kms (npt::Tn7) Spr Tra1, helper
plasmid
Leong et al. (1982)
Xanthomonas albilineans strains
GPE PC73 Wild-type strain from Guadeloupe Pieretti et al. (2009)
XaFL07-1 Wild-type strain from Florida Rott et al. (2011)
Xanthomonas albilineans derivatives
M427 xanB::Tn5 derivative of strain XaFL07-1, defective in biosynthesis of surface
polysaccharides, Knr
Rott et al. (2011)
M448 Glycosyl transferase of the galU operon::Tn5 derivative of strain XaFL07-1,
defective in biosynthesis of surface polysaccharides, Knr
P. Rott et al. (unpublished data)
M541 ABC transporter ATP adhesion protein::Tn5 derivative of strain XaFL07-1,
defective in biosynthesis of surface polysaccharides, Knr
P. Rott et al. (unpublished data)
M903 XALc_2705::Tn5 derivative of strain XaFL07-1, defective in biosynthesis of
surface polysaccharides, Knr
Rott et al. (2011)
M967 gmd::Tn5 derivative of strain XaFL07-1, defective in biosynthesis of surface
polysaccharides, Knr
Rott et al. (2011)
M1116 rmd::Tn5 derivative of strain XaFL07-1, defective in biosynthesis of surface
polysaccharides, Knr
Rott et al. (2011)
ΔalbXXI M8 ΔalbXXI, defective in production of albicidin and other non-ribosomal
peptide synthetase (NRPS) molecules
Rott et al. (2011)
ΔrpfF M7 ΔrpfF, defective in production of diffusible signal factor (DSF) Rott et al. (2013)
ΔrpfG M6 ΔrpfG, defective in DSF receptor protein RpfG Rott et al. (2013)
ΔrpfC M29 ΔrpfC, defective in DSF receptor protein RpfC Rott et al. (2013)
rpfGCF M15 ΔrpfF, ΔrpfG, ΔrpfC, defective in DSF production and receptor proteins RpfG
and RpfC
Rott et al. (2013)
*Gmr, Nmr, Ampr, Cmr, Spr and Knr indicate resistance to gentamycin, neomycin, ampicillin, chloramphenicol, spectinomycin and kanamycin, respectively.
Table 2 Attachment on sugarcane leaves of six mutants of surface
polysaccharides of Xanthomonas albilineans strain XaFL07-1.





XaFL07-1 (wild-type) 50 b 0.71 a
M427 2 a 4.07 d
M448 4 a 2.52 c
M541 5 a 1.63 b
M903 3 a 3.91 d
M967 2 a 1.53 a,b
M1116 0.5 a 3.86 d
*On a 0–100 scale (see Experimental procedures and Fig. 1). ELA data are the
means of 18 sugarcane plantlets per strain and two to four leaves per plantlet
(data from three independent experiments were combined). Values followed by
the same letter are not significantly different according to the Tukey test
(P < 0.05).
†Absorption at 570 nm of solubilized crystal violet stain recovered from the
glass tube sides (see Fig. 3). Data are the means of two independent experi-
ments with five replicates per strain and experiment. Values followed by the
same letter are not significantly different according to the Tukey test (P < 0.05).
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that M1116 is affected with regard to survival on the leaf surface
rather than to attachment per se.
The wild-type strain of X. albilineans produced biofilm that
adhered to glass (Fig. 3). All polysaccharide mutants were also
able to produce this biofilm, and some to a greater extent than the
wild-type strain. The biofilm amount, measured by the intensity of
crystal violet coloration, was significantly higher for five of the six
mutants (Table 2 and Fig. 3). The capacity for growth in rich and
minimal media of the six mutants was no different or only
slightly lower than that of the wild-type (Fig. 4). No difference in
appearance of the external membrane was found between
polysaccharide mutant M1116 (Tn5 insertion in gene rmd; Table 1)
and the wild-type parental strain when cells were observed by
transmission electron microscopy (Fig. 5). However, mutant
M1116 showed many more inclusion bodies expected to contain
PHB than did the wild-type strain (Fig. 5).
Plasmid pALB204 harbouring wild-type gene rmd [encoding a
putative nucleoside diphosphate (NDP)-hexose oxidoreductase]
was introduced into mutant M1116 and tested for its capacity to
restore leaf attachment of this mutant. Two weeks after inocula-
tion of six sugarcane plantlets per strain, the mean ELA score of
mutant M1116 complemented with this plasmid was 20, whereas
the mean ELA scores of the mutant and the wild-type strain
containing the empty vector (pUFR043) were 0.6 and 50, respec-
tively. Plasmid pALB204 therefore partially restored the capacity of
epiphytic survival of mutant M1116. The texture of the colonies of
the complemented mutant was also slightly viscous, similar to the
wild-type, whereas the texture of mutant M1116 containing the
empty vector was dry and easily identified when bacteria were
subcultured with a transfer loop.
A mutation of X. albilineans affecting the production
of small NRPS molecules, including albicidin, is
unaffected in attachment to sugarcane leaves
Gene albXXI (= xabA) encodes a phosphopantetheinyl trans-
ferase, an enzyme involved in post-translational activation of
0 1 4 2 5 6 3 
Fig. 1 Growth of Xanthomonas albilineans XaFL07-1 in imprints of
sugarcane leaves on selective medium 2 weeks after immersion of leaves in a
bacterial suspension at 1 × 107 colony-forming units (CFU)/mL. 0, 0–5
colonies in the leaf imprint; 1, 6–50 colonies in the leaf imprint; 2, more than
50 colonies and no confluent growth of bacteria in the leaf imprint; 3,
confluent growth of bacteria in less than 10% of the leaf imprint; 4,
confluent growth of bacteria in 10%–40% of the leaf imprint; 5, confluent
growth of bacteria in 41%–80% of the leaf imprint; 6, confluent growth of
bacteria in 81%–100% of the leaf imprint. Boxed areas represent leaf
imprint areas.
A B A B 
C G F E D 
Fig. 2 Aspect of cultures of Xanthomonas
albilineans XaFL07-1 (A) and polysaccharide
mutants M1116 (B), M427 (C), M448 (D), M541
(E), M903 (F) and M967 (G) after passage with
a transfer loop: the edges of the wild-type
culture appear viscous and homogeneous
(arrows), whereas the edges of the mutant
cultures are irregular and rough (arrows).
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NRPSs, and is required for albicidin biosynthesis (Huang et al.,
2000; Royer et al., 2004). Mutant ΔalbXXI M8 does not produce
the toxin albicidin and other small NRPS molecules activated by
albXXI (Rott et al., 2011). Two weeks after inoculation of sugar-
cane plantlets, the mean ELA scores of this mutant and of the
wild-type were identical (Table 4).
The rpf gene cluster is involved in the attachment of
X. albilineans on sugarcane leaves
The mean ELA score of ΔrpfF mutant M7, which no longer pro-
duces the diffusible signal factor (DSF) involved in quorum sensing
(Rott et al., 2013), was 50, which was not significantly different
from the mean ELA score of 57 of the wild-type parental strain
(Table 4). Similarly, the mean ELA scores of ΔrpfC and ΔrpfG
(which are defective in DSF receptor proteins) were also not sig-
nificantly different from the mean ELA score of XaFL07-1 (Table 4).
However, the mean ELA score of the triple mutant ΔrpfGCF M15,
which lacks simultaneously rpfF, rpfG and rpfC, was significantly
lower than the mean ELA score of the wild-type strain, scoring 35
and 57, respectively. Mutant ΔrpfGCF also produced visibly less
biofilm than the wild-type strain (data not shown).
Plasmid pPR017Met, harbouring wild-type genes rpfGCF (Rott
et al., 2013), was introduced into mutant ΔrpfGCFM15 and tested
for its capacity to restore epiphytic survival. In a first experiment,
the ELA score of the complemented mutant (ΔrpfGCF M15 +
Table 3 Recovery of Xanthomonas albilineans from inoculated sugarcane leaves after leaf washing and leaf homogenization.
Strain of X. albilineans









1 h 7 days 14 days 1 h 7 days 14 days 7 days 14 days 7 days 14 days
XaFL07-1 (wild type) 20 16 11 3.8 2.5 2.6 20 16 2.8 3.0
M1116 20 0 1 3.5 – 2.2 3 1 1.6 2.5
*Data are for 20 leaves and combined from two separate experiments of five plantlets each (two leaves sampled per inoculated sugarcane plantlet).
M1116 XaFL07-1 M427 
Fig. 3 Formation of biofilm in vitro by wild-type strain XaFL07-1 and two
polysaccharide mutants (M427 and M1116) of Xanthomonas albilineans.
Biofilm attached to the glass tubes was stained with crystal violet after 14
days of stationary culture in modified Wilbrink’s medium + 5 g/L yeast extract
at 28 °C (see Table 2 for biofilm amount of all tested strains).
Fig. 4 Growth of Xanthomonas albilineans XaFL07-1 (wild-type) and
polysaccharide mutant M427 in modified liquid Wilbrink’s medium (MW) and
liquid minimal medium (MM). Growth measured for 8 days after inoculation
of each medium is expressed as the optical density at 600 nm (OD 600 nm),
and each point represents the mean of four different tubes per strain. Bars
represent standard deviation. Growth of the other five polysaccharide
mutants (M448, M541, M903, M967, M1116) was identical to growth of the
wild-type strain or mutant M427 in MW and MM (data not shown).
Table 4 Attachment on sugarcane leaves of a mutant of small
non-ribosomal peptide synthetase (NRPS) molecules and four mutants of
quorum sensing of Xanthomonas albilineans strain XaFL07-1.
Strain of X. albilineans
Extent of leaf
attachment (ELA)*
XaFL07-1 (wild-type) 57 b
ΔalbXXI M8 57 b
ΔrpfF M7 50 a,b
ΔrpfG M6 62 b
ΔrpfC M29 63 b
ΔrpfGCF M15 35 a
*On a 0–100 scale (see Experimental procedures); ELA data are the means of 18
sugarcane plantlets per strain and two to four leaves per plantlet (data from
three different experiments were combined). Values followed by the same letter
are not significantly different according to the Tukey test (P < 0.05).
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pPR017Met) was no different from the ELA score of the wild-type
strain containing the empty vector (pUFR047) for three of the six
inoculated plantlets. In a second experiment, the ELA score of the
complemented mutant was no different from that of the wild-type
strain containing pUFR047 for each of the six inoculated plantlets
(Fig. 6). Plasmid pPR017Met therefore fully restored the capacity
for leaf attachment of mutant ΔrpfGCF M15 on most inoculated
sugarcane plantlets. Plasmid pPR017Met also restored and even
increased the biofilm production of mutant ΔrpfGCF, as measured
by the intensity of crystal violet coloration (Fig. 7). No significant
differences in growth in liquid media were observed between the
wild-type strain containing empty vector pUFR047, mutant
ΔrpfGCF containing empty vector pUFR047 and mutant ΔrpfGCF
containing complementing plasmid pPR017Met (Fig. 8).
DISCUSSION AND CONCLUSION
Bacterial surface components, such as polysaccharides, play a
crucial role in epiphytic survival and/or colonization of aerially
disseminated pathogens (Bogino et al., 2013; Li and Wang, 2012;
Rigano et al., 2007). Attachment to plant surfaces and biofilm
formation are critical mechanisms in these processes (Bogino
et al., 2013). The six different polysaccharide-deficient mutants of
X. albilineans were all greatly impaired in their capacity to survive
on sugarcane leaves, whether the mutations were monofunctional
(involved in EPS or LPS biosynthesis) or bifunctional (involved in
EPS and LPS biosynthesis). In numerous bacteria, EPSs are
released as an extracellular slime. Because of their highly hydrated
and anionic consistency, EPSs help to maintain a hydrated
microenvironment surrounding the bacteria, protecting them from
desiccation and thus increasing their survival (Chang et al., 2007).
Xanthomonas species are known to produce a characteristic EPS,
called xanthan gum, which is encoded by the gum gene cluster
(gumB to gumM) (Vorhölter et al., 2008). A gumB mutant strain
A B
Fig. 5 Cells of Xanthomonas albilineans
observed by transmission electron microscopy
(TEM). (A) XaFL07-1 wild-type strain. (B) Mutant
M1116 (gene rmd) deficient in surface
polysaccharide production. Arrows indicate
inclusion bodies with poly-β-hydroxybutyrate.
Bars, 100 nm.
A C B 
Fig. 6 Growth of Xanthomonas albilineans on selective medium after imprinting sugarcane leaves (upper and lower surfaces), 2 weeks after immersion of leaves in
a bacterial suspension at 1 × 107 colony-forming units (CFU)/mL. (A) XaFL07-1-pUFR047 (wild-type strain XaFL07-1 containing empty vector pUFR047). (B)
ΔrpfGCF M15-pUFR047 (quorum sensing mutant ΔrpfGCF M15 containing empty vector pUFR047). (C) ΔrpfGCF M15-pPR017Met (mutant ΔrpfGCF M15
containing complementing plasmid pPR017Met).
0.89 b 0.21 a 1.44 c 
A B C 
Fig. 7 Formation of biofilm in vitro by Xanthomonas albilineans strain
XaFL07-1 containing empty shuttle vector pUFR047 (A), quorum sensing
mutant ΔrpfGCF M15 containing pUFR047 (B) and mutant ΔrpfGCF M15
complemented with plasmid pPR017Met (C). Biofilm attached to the glass
tubes was stained with crystal violet after 14 days of stationary culture in
modified Wilbrink’s medium + 5 g/L yeast extract at 28 °C. Data below the
tubes refer to the mean amount of crystal violet that stayed on the tube
sides. Values are the means of two independent experiments with five
replicates per strain and experiment. Values followed by the same letter are
not significantly different according to the Tukey test (P < 0.05).
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(defective in EPS synthesis) of X. axonopodis pv. citri is unable to
form structured biofilms, and shows compromised survival on leaf
surfaces (Rigano et al., 2007). A gumD mutant of the same patho-
gen, which is also altered in EPS production, displays impaired
survival under oxidative stress during stationary phase, as well as
impaired epiphytic survival on citrus leaves (Dunger et al., 2007).
Xanthan gum is found in almost all Xanthomonas species iso-
lated from plants (Gumus et al., 2010); however, it is not found in
X. albilineans. Xanthomonas albilineans is non-mucoid in culture
and all gum genes are absent from its genome (Pieretti et al.,
2009, 2012). Nevertheless, X. albilineans possesses genes xanA,
xanB, pgi, galU and ugd which direct xanthan gum precursor
biosynthesis, and in planta production of a xanthan-like EPS by
X. albilineans has been reported (Blanch et al., 2008). Therefore,
the chemical nature of EPS involved in leaf attachment and pro-
duced by X. albilineans remains to be determined.
Among the six surface polysaccharide mutants impaired in sur-
vival on sugarcane leaves, four mutants reported herein are pre-
dicted to encode LPS. LPS is the major polysaccharide component
on the cell surface of Gram-negative bacteria and is essential for
protecting the cell from hostile environments (Newman et al.,
2001). In plant-pathogenic bacteria, LPS is an important virulence
factor that has been increasingly recognized as a major pathogen-
associated molecular pattern (PAMP) factor (Desaki et al., 2006;
Dow et al., 2000;Keshavarzi et al., 2004).The involvement of LPS in
biofilm formation and pathogenicity has been demonstrated in
animal-, human- and recently also in plant-pathogenic bacteria
(Kingsley et al., 1993; Lau et al., 2009; Li and Wang, 2011b, 2012;
Yethon et al., 2000). For example, in X. axonopodis pv. citri, LPS has
been shown to play a role in biofilm formation and in epiphytic
survival (Li andWang, 2011b, 2012). Furthermore, an X. campestris
pv.campestrismutant altered in LPS synthesis is strongly affected in
its capacity to colonize hydathodes (Hugouvieux et al., 1998). The
precise role of LPS and EPS in attachment or survival of
X. albilineans on sugarcane leaves,aswell as in virulence in a broad
sense, requires further investigation, especially as LPS genes show
great variation among strains of the sugarcane leaf scald pathogen
(I. Pieretti et al., unpublished data).
Surprisingly, and in contrast with other xanthomonads defective
in surface polysaccharide production, such as EPS xanthan or LPS
(for example, Guo et al., 2010; Li and Wang, 2011b; Rigano et al.,
2007), mutants of X. albilineans lacking surface polysaccharides
always produced more biofilm than the wild-type strain in vitro.
Strong attachment of surface polysaccharide mutants to abiotic
surfaces is not characteristic of the phenotype observed on the
sugarcane phyllosphere. Xanthomonas albilineans may employ
different mechanisms to adhere to these two types of surface. The
genome of this pathogen contains genes that encode fimbrial and
non-fimbrial adhesion proteins that could be involved in attach-
ment to inert surfaces (Pieretti et al., 2012).
Enhanced attachment to abiotic surfaces compared with the
wild-type was reported for LPS mutants of Escherichia coli, and
this phenomenon was attributed to strong cell surface hydropho-
bicity (Nakao et al., 2012). Furthermore, the absence of LPS or EPS
may allow other molecules present on the cell surface to be
exposed and favour aggregation of bacteria (Bogino et al., 2013).
The increased biofilm formation of polysaccharide mutants of
X. albilineans might also be a stress response related to increased
vulnerability of mutated bacterial cells. Mutant M1116 accumu-
lated more inclusion bodies with PHB than did the wild-type
parental strain, and PHBs, which are intracellular energy and
storage compounds, are known to be produced under nutrient-
imbalanced or otherwise stressful conditions (Kadouri et al., 2003;
Wang and Yu, 2007).
Interestingly, small molecules produced by NRPSs do not seem
to be involved in the attachment of X. albilineans to the leaf.
Microbial biosurfactants are surface-active metabolites synthe-
sized by NRPS enzymes (Das et al., 2008). Three NRPS genes are
essential for cyclic lipopeptide (CLP) antibiotic synthesis in
P. fluorescens, and CLP production plays a key role in biofilm
formation in this bacterial species (De Bruijn et al., 2007). The
genome of X. albilineans contains several NRPS genes, including
those involved in the biosynthesis of the phytotoxin and antibiotic
albicidin (Pieretti et al., 2009, 2012). Therefore, if not involved in
adhesion, NRPS-synthesized molecules of X. albilineans, such as
those belonging to the albicidin family, may play an essential role
Fig. 8 Growth of Xanthomonas albilineans (squares) and quorum sensing
mutant ΔrpfGCF M15 [with empty vector pUFR047 (circles) or
complementing plasmid pPR017Met (triangles)] in modified liquid Wilbrink’s
medium (MW; filled symbols) and liquid minimal medium (MM; open
symbols). Growth measured for 8 days after inoculation of each medium is
expressed as the optical density at 600 nm (OD 600 nm), and each point
represents the mean of four different tubes per strain. Bars represent
standard deviation.
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in the capacity of this pathogen to colonize the phyllosphere, and
to progress within an environment containing other leaf-
colonizing bacteria (Birch, 2001).
Biofilm development and the interactions between plants and
colonizing bacteria often require a cell-to-cell crosstalk mecha-
nism among the bacteria, known as quorum sensing. It has been
shown that quorum sensing plays a pivotal role in the epiphytic
survival of several phytopathogenic bacteria, including P. syringae
pv. syringae, X. axonopodis pv. citri and X. campestris pv.
campestris (Dow et al., 2003; Guo et al., 2012; He et al., 2006;
Poplawsky and Chun, 1998; Poplawsky et al., 1998; Quinones
et al., 2004, 2005). Quorum sensing is adopted by these patho-
gens to coordinate and regulate the expression of virulence
factors, including those required for phyllosphere colonization (i.e.
biofilm formation and dispersal, EPS production, motility and
chemotaxis).
Quorum sensing involving DSF regulates the production of
several pathogenicity factors in xanthomonads (Ryan and Dow,
2011). In X. albilineans strain XaFL07-1, DSF appears to play a
limited role in pathogenicity (Rott et al., 2013). In contrast, DSF
receptor proteins are involved in the control of swimming motility
and the spread of XaFL07-1 in the sugarcane stalk (Rott et al.,
2013). Similarly, the absence of DSF production did not signifi-
cantly impair the capacity of X. albilineans to attach on sugarcane
leaves. However, when the DSF synthase and the receptor genes
were all deleted in a single mutant, the pathogen was significantly
affected in its capacity to attach to sugarcane leaves.Whether the
rpf genes only control biofilm production or also other mecha-
nisms involved in surface attachment of X. albilineans remains to
be determined. In X. axonopodis ssp. citri, rpfF, rpfC and rpfG
control a core group of genes, but also unique genes, suggesting
broader roles in gene regulation other than the transduction of
DSF signals (Guo et al., 2012).A similar phenomenon may occur in
X. albilineans.
Surface polysaccharides were found to be crucial for the estab-
lishment of X. albilineans on sugarcane leaves.As these genes are
also essential for in planta multiplication and invasion (Rott et al.,
2011), polysaccharides may be potential targets for the screening
of antimicrobial compounds for leaf scald control. The DSF quorum
sensing system may also be a potential target for control purposes
as this system contributes in multiple ways to successful and
optimum pathogenicity by X. albilineans of sugarcane.
EXPERIMENTAL PROCEDURES
Bacterial strains, plasmids and culture conditions
The primary characteristics of the bacterial strains and plasmids used in
this study are summarized in Table 1. Xanthomonas albilineans strains
were cultured routinely at 28 °C on MW agar medium containing sucrose
(10 g), peptone (5 g), K2HPO4.3H2O (0.50 g), MgSO4.7H2O (0.25 g), Na2SO3
(0.05 g), agar (15 g), distilled water (1 L), pH 6.8–7.0 (Davis et al., 1994).
Derivatives of strain XaFL07-1 (from Florida) were produced and cultured
on the same medium supplemented with appropriate antibiotics as
described below. All strains and mutants of X. albilineans were stored at
−80 °C as turbid water suspensions and retrieved before plantlet inocu-
lation by plating on MW agar medium supplemented with appropriate
antibiotics. Escherichia coli strains were grown on Luria–Bertani (LB) agar
or in LB broth at 37 °C, and were used and stored according to standard
protocols (Sambrook et al., 1989). Antibiotics were used at the following
concentrations: ampicillin, 50 μg/mL; gentamicin, 3 μg/mL; kanamycin, 20
or 50 μg/mL for X. albilineans and E. coli strains, respectively.
Leaf attachment determined by leaf imprinting
Tissue-cultured plantlets of sugarcane cultivar CP68-1026, exhibiting two
to four fully expanded leaves, were immersed for 30–40 s in a suspension
of X. albilineans at 107 CFU/mL in sterile distilled water. After immersion,
plantlets were placed in 200 mm × 20 mm test tubes containing an
appropriate nutritive medium (Rott and Chagvardieff, 1984), and incu-
bated in a growth chamber at 28 °C with 12 h of light. Two weeks after
inoculation, the upper and lower surfaces of leaves were imprinted on
Wilbrink selective Davis (WSD) medium (Davis et al., 1994). The plates
were examined for the presence or absence of bacterial colonies of
X. albilineans after 5 days of incubation at 28 °C.
The imprint area of the leaf was determined by trans-illumination using
day or artificial light. Leaf attachment was estimated using a scale of 0–6:
0, 0–5 colonies in the leaf imprint; 1, 6–50 colonies in the leaf imprint; 2,
more than 50 colonies and no confluent growth of bacteria in the leaf
imprint; 3, confluent growth of bacteria in less than 10% of the leaf
imprint; 4, confluent growth of bacteria in 10%–40% of the leaf imprint;
5, confluent growth of bacteria in 41%–80% of the leaf imprint; 6, con-
fluent growth of bacteria in 81%–100% of the leaf imprint (Fig. 1). The
area of confluent growth was estimated visually using a template with
10% leaf area increments. ELA was expressed as ELA = 100[(1 × N1 + 2 ×
N2 + 3 × N3 + 4 × N4 + 5 × N5 + 6 × N6)/(6 × NT)], where Ni is the number
of leaf imprints with score i and NT is the total number of leaf imprints per
plantlet (Fleites et al., 2013).
Plantlets were inoculated with all strains of X. albilineans listed in
Table 1 and sterile distilled water as a control. In each experiment, six
plantlets were inoculated per strain and randomly distributed in the
growth chamber. Experiments were performed independently at least
twice.
Leaf attachment determined by leaf washing and leaf
homogenization
Tissue-cultured plantlets of sugarcane cultivar CP68-1026 exhibiting two
to four fully expanded leaves were inoculated by immersing the foliage for
3 min in a water suspension of X. albilineans at 107 CFU/mL. After inocu-
lation, plantlets were placed into the glass tubes used for growth and
incubated in a growth chamber as described above. Plantlets were
removed from the tubes for the determination of bacterial leaf adhesion
after incubation for 1 h, 7 or 14 days. Two leaves were sampled per
plantlet. A 7-cm-long fragment from each leaf was individually immersed
in a 1.5-mL Eppendorf tube containing 1 mL of sterile distilled water with
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0.005% Tween-20. Leaf fragments were washed by vigorously vortexing
the tubes for 10 s. One hundred microlitres were used for dilution and four
20-μL drops of each undiluted, 1:10 and 1:100 dilutions of the washing
water were deposited on WSD medium. The leaves were then homog-
enized in the water (820 μL) remaining in the washing tube using a pestle
made for 1.5-mL microcentrifuge tubes. Four 20-μL drops of each undi-
luted, 1:10 and 1:100 dilutions of the homogenized tissue were deposited
on WSD medium. For both methods, colonies of X. albilineans were
counted after 6 days of growth, and bacterial populations were expressed
as the number of CFU per leaf section.
Biofilm formation assay
To analyse the potential role of genes involved in leaf attachment on
biofilm formation, we performed a colorimetric assay using crystal violet
staining of the biofilm. Xanthomonas albilineans strain XaFL07-1 and
mutants affected in leaf attachment (polysaccharide mutants and mutant
ΔrpfGCF M15) were each grown in MW medium at 28 °C to mid-
exponential growth phase (optical density at 600 nm of 0.3–0.4). Bacteria
(300 μL at 109 CFU/mL) were then inoculated into 10-mL glass vials con-
taining 3 mL of MW liquid medium supplemented with 5 g/L of yeast
extract. Stationary cultures (five replications per strain) were incubated at
30 °C for 14 days. Then, liquid cultures were eliminated from the vials and
the remaining biofilm adherent to the glass was stained with 3 mL of a 1%
(w/v) crystal violet solution. After 15 min of incubation, crystal violet
solution was discarded and vials were gently rinsed by the addition of
10 mL of distilled sterile water three times. Vials were examined visually
for the presence of a crystal violet-stained ring which was indicative of
biofilm formation on the walls of the vials. The crystal violet in each vial
was then solubilized by adding 3 mL of ethanol (70%). The biofilm cell-
associated dye was measured by absorption at 570 nm using a
biophotometer after 1:10 dilution of the crystal violet solution.
In vitro growth of X. albilineans
The growth kinetics of X. albilineans XaFL07-1 and mutants of this strain
were determined using 50-mL Corning® tubes (VWR, Fontenay-sous-Bois,
France) containing 10 mL of either MWmedium or minimal medium (MM).
The latter medium contained sucrose (10 g), L-methionine (0.1 g),
K2HPO4.3H2O (3 g), NaH2PO4 (1 g), NH4Cl (1 g), MgSO4.7H2O (0.3 g), dis-
tilled water (1 L), pH 6.8–7.0 (Birch and Patil, 1985). Four tubes per strain
were inoculated with 100 μL of a bacterial suspension at 109 CFU/mL
sterile distilled water and incubated at 28 °C on an orbital shaker at
150 rpm. Culture samples of 100 μL were taken from each tube every day
for 6–8 days, and the optical density at 600 nm of the bacterial suspen-
sions was measured using a biophotometer.
Complementation of rmd mutant M1116 of
X. albilineans
Plasmid pALB204 harbouring gene rmd of X. albilineans was retrieved
from the cosmid library of strain Xa23R1 (Rott et al., 1996).The DNA insert
carried by this plasmid corresponds to genome positions 3 198 858 to
3 232 397 of the genome sequence of X. albilineans GPE PC73 that was
fully sequenced (Pieretti et al., 2009). DNA transfer of pALB204 (or empty
shuttle vector pUFR043) between E. coli donor and recipient wild-type
strain or mutant M1116 of X. albilineans (rmd::Tn5 derivative of strain
XaFL07-1) was accomplished by triparental transconjugation with plasmid
pRK2073 as the helper, as described by Rott et al. (1996).
Complementation of rpf mutant ΔrpfGCF M15
Plasmid pPR017Met harbouring wild-type genes rpfGCF was produced
and transferred by electroporation into rpf mutant ΔrpfGCF M15, as
described by Rott et al. (2013). Plasmid vector pUFR047 was used as a
negative control.
Transmission electron microscopy
Bacteria grown for 2–3 days on Wilbrink’s medium were fixed in a 4%
glutaraldehyde, 0.1 M cacodylate buffer (pH 7.2), post-fixed in 1% osmium
tetroxide, dehydrated using a series of acetone washes and embedded in
TAAB 812 epon resin. Ultrathin sections (60 nm) were mounted on collo-
dion carbon-coated copper grids, contrasted using uranyl acetate and lead
citrate, and examined at 80 kV with a transmission electron microscope
(Jeol 100CX II, Tokyo, Japan).
Statistical methods
Analyses of variance and statistical comparisons of biofilm and epiphytic
survival means were performed using the statistical software package R,
version 2.14.1 (R Development Core Team, 2011). Multiple comparisons of
means were carried out using Tukey’s honest significant difference method
(Miller, 1981) employing the function TukeyHSD of the standard R package
stats.
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